We have recently shown that nerve growth factor (NGF) promotes human granulopoiesis, specifically augmenting basophilic cell differentiation observed in methylcellulose hematopoietic colony assays of human peripheral blood. Because the NGF effect was seen in the presence of conditioned medium derived from a human T-cell line (Mo-CM) containing granulocyte-macrophage colony-stimulating factor (GM-CSF), we examined interactions of purified NGF and recombinant human GM-CSF (rhGM-CSF) on granulocyte growth and differentiation. rhGM-CSF stimulated a dosedependent increase in methylcellulose colony growth at concentrations between 0.1 U/mL and 10 U/mL, and in the presence of NGF at 500 ng/mL this effect was enhanced. The number of basophilic cell colony-forming units (CFU-Baso) and histamine-positive colonies increased synergistically when NGF was added t o rhGM-CSF. Furthermore, because Mo-CM acts with sodium butyrate t o promote basophilic differentiation of alkaline-passaged myeloid leukemia cells, ERVE GROWTH FACTOR (NGF) is a well-charac-N terized neurotrophic polypeptide that is not only essential for normal development and function of sympathetic sensory or central nervous system neurons but also appears to stimulate the in vivo growth or activation of mast cells'; eg, NGF promotes both an increase in the number of mast cells when injected into neonatal rats' and histamine release from rat peritoneal mast cell^.^.^ We have recently shown that NGF also stimulates human hematopoietic colony growth, relatively selectively augmenting basophilic cell differentiation, in the presence of either medium derived from the human T-lymphatic leukemia cell line (Mo-CM)~ or cocultured T celk7 Human granulocytemacrophage colony-stimulating factor (GM-CSF) has been purified to homogeneity and its gene cloned using Mo-cells; it is a 22-Kd glycoprotein, encoded by a single gene.8.9 We hypothesized that the basophilic cell differentiation effect of NGF7 was caused by its interaction with GM-CSF in Mo-CM. We thus examined the effects of purified NGF and recombinant human GM-CSF (rhGM-CSF) on basophilic cell differentiation in methycellulose colony assays. Because Mo-CM acts in the presence of sodium butyrate to promote basophilic differentiation of HL-60 cells,'o we also examined the effect of purified NGF with Mo-CM or rhGM-CSF on HL-60 cells.
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MATERIALS AND METHODS
These studies were performed with informed consent from human subjects, and after approval by the local ethics committee. Mononuclear cells were isolated from heparinized blood of skin test-negative normal adult volunteers using Ficol-Hypaque density sedimentation (specific gravity 1.077); cells were washed twice with McCoy's 5A medium (GIBCO Laboratories, Grand Island, NY), supplemented with 15% fetal calf serum (FCS) (GIBCO) 1% penicillinlstreptomycin (GIBCO), 5 x lo-' mol/L 2-ME. Nonadherent mononuclear cells (NAMC) were obtained by removal of adherent cells after incubation in plastic tissue culture flasks (Falcon 3024; Becton Dickinson, Oxnard, CA) for 2 hours at 37°C. NAMC, 1 x lo6 per dish, (Falcon Hematopoietic cell assays and cultures.
HL-60, we also examined the interaction of NGF and Mo-CM or rhGM-CSF using this assay. In the presence of NGF, Mo-CM at concentrations of 0.5% t o 20% vol/vol, and rhGM-CSF at concentrations of 0.1 U/mL t o 100 U/mL synergistically increased histamine production by butyrateinduced, alkaline-passaged HL-60 cells; this was associated with the appearance of metachromatic, tryptase-negative, IgE receptor-positive cells. The effects of rhGM-CSF or Mo-CM were completely abrogated by a specific anti-rhGM-CSF neutralizing antibody in methycellulose, with or without NGF; the NGF synergy with rhGM-CSF in the HL-60 assay was also inhibited by either anti-rhGM-CSF or anti-NGF antibody. These studies support the notion that differentiation in the basophiliclineage may be enhanced by NGF acting t o increase the number of GM-CSF-responsive basophilic cell progenitors. 0 1991 by The American Society of Hematology.
3001,35 x 10 mm) were cultured in 0.9% methylcellulose containing Iscove's modified Dulbecco's medium (GIBCO) supplemented with 20% FCS (GIBCO) and 5 X lo-' mollL 2-ME at 37°C in humidified atmosphere with 95% airl5% CO,. Granulocyte colonies of greater than 40 cells were counted under an inverted microscope (Olympus, Tokyo, Japan) and could be easily categorized into dispersed, polymorphic neutrophilimacrophage ("GMtype"), or tight, compact basophilleosinophil ("Eo-type") colonies at day 14."-'4 Colony-stimulating activity was defined as the mean number of granulocyte colonies of a given type per lo6 cells plated in duplicate cultures at day 14.
For each culture, 12 Eo-type and six GM-type colonies at day 14 were randomly picked from methylcellulose medium by a fine Pasteur pipette under inverted microscopy, placed onto glass slides, and stained with May-Griinwald-Giemsa or with toluidine blue in HCI 0.05% at pH 0.1, as previously A colony with more than 5% of polymorphonuclear leukocytes containing basophilic or metachromatic granules in the cytoplasm was considered a basophilic cell-positive colony and the progenitor of such a colony was defined as a basophilic cell colony-forming unit (CFU-Baso), which could be quantified and related to histamine content of individual colonie~."~'~ Recently, evidence has been adduced, by surface phenotyping combined with metachromatic staining, that the basophilic cells in colonies derived from mitogen-induced lympho- cyte-conditioned media-stimulated cultures bear markers of human basophils rather than mast cells." Such basophilic colony cells are essentially negative for the human mast cell protease, tryptase (Schwartz L and Irani A-M, manuscript in preparation). rhGM-CSF was obtained from Genzyme Biochemicals (Boston, MA); polyclonal, specific, neutralizing rabbit anti-GM-CSF serum and a rat antihuman GM-CSF monoclonal antibody (MoAb) were kindly provided by Drs J. Gasson (University of California, Los Angeles) and J. Abrams (DNAX Research Institute of Molecular and Cellular Biology Inc, Palo Alto, CA), respectively. Both antibodies gave similar inhibition curves for colony growth. Various dilutions of anti-GM-CSF antibodies were mixed with rhGM-CSF, Mo-CM, NGF, rhGM-CSF plus NGF, and Mo-CM plus NGF. The mixtures were incubated at 37°C for 2 hours before addition to methylcellulose cultures or HG60 cell assay. Colonies in methylcellulose or histamine content in HL-60 assay were assessed at day 14 and day 5, respectively, as described below.
Mo cells obtained from the American Type Culture Collection (Rockville, MD) were cultured in Iscove's medium (GIBCO) containing 2% heat-inactivated FCS (GIBCO) and 1% penicillin/streptomycin (GIBCO). Cells were kept in a humidified atmosphere of 95% air/5% CO, at 37°C and subcloned twice weekly to a density of 3 x 10s cells/mL. The supernatants were harvested after 3 to 4 days, heat-inactivated at 56°C for 60 minutes, and stored at -70°C until use.
HL-60 cells were obtained originally at passage level 15 from American Type Culture Collection. The cells were expanded over four passages and frozen in liquid nitrogen for future use. In the current studies HL-60 cells between passage levels 39 and 80 were used. Cells were passaged in RPMI 1640 medium (GIBCO) supplemented with 15% heat-inactivated FCS (GIBCO), 1% penicillin/streptomycin (GIBCO), and 25 mmol/L HEPES buffer (Boehringer Mannheim Canada Ltd, Dorval, Quebec). Cells used for basophilic differentiation experiments were passaged in alkaline medium (pH 7.8) as previously described'6; cellular histamine content ranged from 40 to 300 ngIlo6 cells, or 0.08 to 0.20 pglcell, with evidence for induction of high-and low-affinity IgE receptors, metachromasia with toluidine blue, and rhGM-CSF and an-. humidified atmosphere of 95% air/5% CO, at 37°C for 5 days. Neutrophilic differentiation was achieved by culturing 2.5 x los cells/mL in supplemented medium with 0.176 mol/L dimethyl sulfoxide (DMSO) at 37°C for 5 days. Control cultures consisted of alkaline-passaged HL-60 cells resuspended in supplemented medium alone (uninduced) and medium with sodium butyrate at 37°C for 5 days. Histamine in uninduced control cells was not detectable, and no stimulation of histamine or basophilic cell differentiation could be attributed to FCS in this or in the methylcellulose assay.
NGF was isolated in the 2.5s form from murine submandibulary gland and further purified according to the method previously described with both polyclonal and monoclonal anti-NGF, involving gel filtration on Sephadex G-75 (Pharmacia, Uppsala, Sweden) columns, affinity column chromatography using a murine monoclonal IgG antibody to 2.5s NGF (clone pl, kindly Preparation of NGF.
Table 3. Effect of Anti-GM-CSF on Colonies
provided by E.M. Shooter), and elution with 0.1 m o m glycine-HC1 buffer in 1.0 m o m Tris-HC1 at pH 7.5. This preparation showed a single protein band of 27 Kd on polyacrylamide gel electrophoresis and purity was further confirmed by immunoprecipitation after electroblotting and ne~tralization.~~"'~ Neurotrophic biologic activity of NGF was confirmed by the dissociated cell assay using neonatal mouse superior cervical ganglion n e~r o n s .~' .~~ A rabbit polyclonal neutralizing antibody to NGF was used in inhibition studies, as previously de~cribed.'.'~ Optimal dilution of this antibody for inhibition of biologic effects of purified 2.5s NGF (above) was predetermined to be 1:50, which was used in the experiments described below.
Histamine was assayed by using an isotopic radioenzyme conversion assay as previously described," and applied to hematopoietic c~lonies."~'~ An individual colony was considered histamine positive if it contained 2 0.20 ng histamine; total numbers of such colonies were calculated by multiplying the proportion of histamine-positive colonies by the total number of Eo-type and GM-type colonies per lo6 NAMC plated. Colonies containing only neutrophils and macrophages or only eosinophilic cells, as well as purified preparations of eosinophils, do not contain any histamine by this assay."
To measure cell-associated histamine of HL-60 cells, cultured cell suspensions were boiled for 5 minutes to inactivate histaminase; samples were stored at -20°C until time of histamine assay. Histamine values were divided by viable cell number counted in 0.1% trypan blue with a hemocytometer and expressed as ratio to the control induced by sodium butyrate alone after subtraction of the uninduced control. Histamine thus assayed is found to a very limited extent in butyrate-induced, alkaline-passaged cells in the absence of Mo-CM." Histamine content, expressed as a ratio (see below), was consistently increased in HL-60 cell cultures stimulated by the same cytokines or media that increased methylcellulose colony formation containing basophilic cells and hi~tamine.'~-'~ The mean number of metachromatic cells in uninduced HL-60 cells was s 5 % , while after successful GM-CSF or NGF plus GM-CSF induction it was 23%, with no significant differences at day 5 between the latter two conditions (see Fig 1) . For
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-~^' %-P TSUDA ET AL provided by Dr G. Delespesse (Montreal, Quebec), using the following method.
Cytospins were made with 10s cells and allowed to air dry. The slides immediately before staining were fixed in cold acetone for 5 minutes, and immunocytochemistry with mouse monoclonal anti-CD23 IgG MoAb 135 (kindly donated by Dr Guy Delespesse, Montreal, Canada) was then performed using Zymed (San Francisco, Ca) Histostain-SAP kit in TRIS pH 7.4 buffer. Gill's I1 hematoxylin counter stain was then used, and 300 cells were counted under oil to determine percent alkaline-phosphatase (red color)-positive cells, compared with substrate alone (negative control), or mouse monoclonal IgG antibody (antibody isotype controlktreated cells, which lacked a color reaction.
Preliminary studies using the same antibody and indirect immunofluorescence showed the presence of surface CD23 on 12% to 20% of Mo-CM plus butyrate-induced, alkaline-passaged HL-60 cells, but not on uninduced or butyrate-only-stimulated cells; CD23 was not seen on phorbol ester-induced, monocyticdifferentiated HL-60 cells, indicating that its appearance in our assays was associated with histamine production and the presence of basophilic/eosinophilic differentiation conditions (T. Ishizaka, D. Hamish, and J.A. Denburg, unpublished observations). Stutisticul method. Comparisons of the dose response curves RESULTS were performed using multiple regression analysis with three independent variables: log dose, test mixture versus mathematical addition of separate values, and the interaction between two curves. This analysis was performed to evaluate any differences in overall dose-responie cuIves, in addition to individual pint differences, because it was assumed that fest, if present, as a change in dose responsiveness to a set of stimuli. The difference was considered significant at a p value < colony-stimulating a, &i9 of NGF and rhGM-csF or Mo-CM in methylcellulose cultures. Figure 1 shows the total number of colonies per lo6 NAMC plated. Mo-CM was used at 5% vol/vol because this dose caused maximum stimulation in dose-response experiments. NGF alone stimulated Colony growth in a dose-dependent fashion, and after addition of Mo-CM, the total number of colonies was would be Table 1 shows the absolute numbers of CFU-Baso and histamine-positive colonies stimulated by Mo-CM and various concentrations of rhGM-CSF with or without 500 ng/mL of NGF. NGF alone stimulated an increase in the number of CFU-Baso to approximately 50% that observed in the presence of Mo-CM alone; however, NGF alone had minimal effect on the number of histamine-positive colonies. NGF plus rhGM-CSF increased the number of both CFU-Bas0 (P = .03) and histamine-positive colonies (P = .01) in a doseresponse fashion, compared with rhGM-CSF alone.
Effect of anti-GM-CSF antibody on colony growth in methylcellulose. Neutralizing effects of anti-GM-CSF antibody at dilutions of 150, 1500, and 15,000 on colony growth induced by rhGM-CSF and Mo-CM were examined. As shown in Table 2 , the effects of both rhGM-CSF and Mo-CM were completely abrogated by anti-GM-CSF. Selective inhibition of rhGM-CSF and Mo-CM effects by anti-GM-CSF was observed, with no effect of anti-GM-CSF on colony growth induced by NGF alone (Table 3) . While the overall absolute inhibition of either NGF plus rhGM-CSF-or NGF plus Mo-CM-induced colony growth was 65% to 78%, in each case colony growth was reduced to background levels (91% to 100% inhibition), ie, those expected in the presence of NGF alone.
Effects of NGF and rhGM-CSF or Mo-CM on HL-60 cell differentiation. A dose-dependent increase of histamine content induced by both rhGM-CSF and Mo-CM on HL-60 cells cultured in the presence of sodium butyrate at pH 7.8 was observed. In the presence of either stimulus plus butyrate, as documented previously," 10% to 40% of the HL-60 cells displayed toluidine blue-positivity at day 5, with induction of IgE receptors and ultrastructural evidence for basophilic lineage differentiation." Metachromasia and staining for tryptase was also performed on cytokine (NGF/ GM-CSF or GM-CSF)-stimulated HL-60 cells. These cells appeared to be basophil-like by these criteria because they were metachromatic but negative for the mast cell protease, tryptase. In addition, the cells bore CD23 on their surface, with 7% to 31.7% of cytokine (GM-CSF or NGF/GM-CSF)-stimulated, butyrate-induced, alkaline-passaged cells being positive, compared with 0% in uninduced cultures (Fig 2A  through D) .
The addition of NGF at a concentration of 500 ng/mL to rhGM-CSF or to Mo-CM resulted in a synergistic increase in histamine production by HL-60 cells and variable increases in basophilic cells (Fig 3A and B , P < .0001, P = .0005, respectively); this dose-dependent effect was observed also at suboptimal rhGM-CSF concentrations (Fig 4) . When HL-60 cells were preincubated with various concentrations of rhGM-CSF or Mo-CM followed by exposure to NGF, no increase in histamine production was found. However, when the cells were, conversely, preincu- 
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bated with NGF followed by exposure to various concentrations of rhGM-CSF or Mo-CM, the synergistic increase in histamine production was observed (Fig 5A and B) .
Effect of anti-GM-CSF or anti-NGF antibody on histamine production by HL-60 cells. Histamine production induced by rhGM-CSF alone was completely abrogated by anti-GM-CSF antibody and that induced by rhGM-CSF with NGF was abrogated by either anti-GM-CSF antibody at 150 (Table 4) , or by anti-NGF antibody at 150 dilution (Table   5 ). Anti-GM-CSF antibody had no effect on cultures with NGF alone (Table 4 ) and anti-NGF antibody had no effect on cultures with rhGM-CSF alone (not shown). Normal rabbit serum (NRS) or rat IgG2a antibody served as controls for the rabbit polyclonal or rat monoclonal anti-GM-CSF and the poloclonal rabbit anti-NGF antibodies, respectively; these control antisera had no inhibitory effects on either colony growth or HL-60 differentiation ( Tables 4  and 5 ).
DISCUSSION
There is now considerable evidence of significant mast cell-nerve interactions at a structural Because mast cells may be related in lineage to basophils in the human, especially in leukemic states?
and with the availability of assays using HL-60 cells that can be induced along the basophilic lineage,1o326 we have investigated the in vitro interactive role of NGF in stimulating hematopoietic differentiation, continuing studies begun earlier. 7 Recent information has been provided that NGF regulates not only the development and survival of neurons in the peripheral and central nervous system, but also functions outside the nervous system and may play roles in the modulation of hematopoiesis, and, thus, in the inflammatory response. NGF has been demonstrated to be a chemoattractant for polymorphonuclear leukocytes both in vitro and in and rat lymphocytes and accessory cells express cell surface receptors for NGF.29 NGF increases mast cell numbers via a degranulation effect in vivo,3o which further implies a hematopoietic role for NGF, perhaps through an indirect mechanism. Indeed, we have recently demonstrated that NGF promotes human hematopoietic colony growth, augmenting basophilic cell differentiation of peripheral blood7 or cord blood cells3' in a T-celldependent fashion. The basophilic cells promoted to differentiate under the stimulation of NGF and T-cells or T-cell-conditioned media have the morphologic and immunocytochemical characteristics more of basophils than of human lung mast ce11s,'o~'4*2622~33 (Fig 2) as well as shared histochemical features (eg, formaldehyde blockability of metachromasia) with human (nasal) mucosal mast cells. 34 In this study, we have clearly demonstrated that NGF and GM-CSF stimulate human basophilic cell-containing colony (CFU-Baso) growth and HL-60 basophilic differentiation synergistically (Figs 1, 3, and 4 and Table 1 ). These effects of rhGM-CSF or Mo-CM with NGF were abrogated by anti-GM-CSF or anti-NGF antibody (Tables 2, 4, and 5). These data clearly indicate that in vitro NGF enhances the activity of rhGM-CSF in promoting human basophilic cell differentiation; however, effects in vivo may involve more complex interactions. GM-CSF, nonetheless, appears to represent a major moiety that, with NGF, promotes in vitro differentiation of peripheral blood progenitors to basophilic lineage. The basophilic cells induced in these studies probably represent commitment to the basophil lineage primarily, because they are tryptase negative (Fig 2; and manuscript in preparation). However, it is possible that these cells represent an intermediate stage of lineage differentiation because features common to eosinophils and monocyte-macrophages (eg, CD23; Fig 2) are also observed after cytokine induction. Thus, it will be necessary to carefully examine our NGF/GM-CSF-stimulated HL-60 cultures for the presence of mixed cell populations; the induction of CD23 on non-basophils under these circumstances may be a stage in basophilic differentiation; indeed, CD23 has recently been shown to be a basophilopoietic c~factor.~' When HL-60 cells were pretreated with rhGM-CSF followed by exposure to NGF, the synergistic effect disappeared; however, when HL-60 cells were, conversely, pretreated with NGF followed by exposure to rhGM-CSF, the synergism seen was the same as in coincubation experiments. Because high-affinity receptors for GM-CSF are found on HL-60 cells and normal neutrophils,)6 the synergistic effect of NGF and GM-CSF on HL-60 may require an initial NGF effect on HL-60 cells before GM-CSF exposure. The nature of this initial NGF effect warrants further investigation. NGF is synthesized not only by NGF-responsive neurons but also by various cells such as epithelial cells, smooth muscle cells, and fibroblast~.~' Macrophages may also be important in the regulation of NGF synthesis, probably through interleukin-1 (IL-I) production after a c t i~a t i o n .~~ Thus, both NGF and GM-CSF39-41 may be regulated by IL-1 at sites of tissue inflammation. Recent evidence indeed suggests that human respiratory tract epithelial cells and fibroblasts both contribute factors that stimulate HL-60 granulocytic differentiati~n~~,~~.~'; among these is GM-CSF,42 which is capable, together with IL-3 and IL-5, of inducing basophilic lineage differentiati~n.~~ In allergic reactions or tissue repair processes in vivo, NGF and GM-CSF are thus possible cytokines which promote in situ basophilic cell (including both basophils and subtype[s] of mast cells) differentiation. 13.14,24.26,44,45 These observations require confirmation using direct molecular approaches in relevant tissues and diseases.
